Abstract: In this paper, we have proposed a transmission-type testing system for determining optical characteristics of remote-phosphor plates in white light-emitting diodes (WLEDs). A comparative analysis between the proposed system and a traditional reflection-type system has also been conducted. Results show that the measured optical efficiency of phosphors appears lower for the former than for the latter. Reasons lie in that, for the latter, during measurements, more blue leakage light enters the detector of the system, and more blue light is reabsorbed by phosphor plates and converted to yellow light. Both factors may lead to a slight increase in the light conversion efficiency of phosphors for the reflection-type system. However, in a real structure of WLEDs, the exciting light is mostly transmitting through the phosphor layer rather than being reflected. Finally, we propose that the transmission-type system is more suitable for determining optical properties for remote-phosphor WLEDs.
Introduction
White light-emitting diodes (WLEDs) as the primary type of solid-state lighting devices are expected to largely replace traditional light sources, such as incandescent and fluorescent lamps, in the near future [1] - [3] . In general, there exist two methods to generate the white light based on LEDs: 1) mixing lights originating from blue, green, and red monochromatic chips and 2) coating phosphors, such as Y 3 Al 5 O 12 :Ce 3+ (YAG:Ce 3+ ), on ultraviolet or blue InGaN-based LED chips [4] . In the latter method, a phosphor layer, which is a mixture of the yellow YAG:Ce 3+ phosphor and the silicone gel, is directly coated on the surface of blue chips, namely in-cup phosphor (ICP) [5] . Although these WLEDs can be readily fabricated, they suffer from energy losses caused by high temperatures of phosphors (heated by LED chips during operations) and Stokes shifts of phosphor materials [6] . As the injection current of LED increases, the high junction temperature of InGaN chips will substantially heat the phosphors and accelerate the degradation of the phosphor layer, leading to the carbonization of the silicone gel and, therefore, lowering luminous efficiencies (LE) [7] . In addition, Liu et al. have found that the traditional packaging configuration was non-ideal for the light extraction, and that an estimate of 25% of the converted light was lost during multiple reflections for traditional WLEDs owing to the absorption by the chip [8] . In consideration of both the LE and the longevity, the separation of the phosphor layer from the LED chip proves greatly beneficial [9] . Recently, remote-phosphor based WLEDs have been proposed to eliminate these drawbacks and have been intensively investigated [10] - [12] . They generally comprise one or several blue InGaN LED chips, a reflector cup, and a phosphor layer. Tran et al. have examined relations between the size of YAG:Ce 3+ phosphor particles and the luminous output, as well as the light conversion efficiency (LCE) of both ICP-based WLEDs and remote-phosphor-based WLEDs, by carrying out simulations using 3-D ray-tracing methods [13] . They have also demonstrated that, under the same condition as the identical correlated color temperature (CCT) and the phosphor particle size, remote-phosphor-based WLEDs exhibit higher LCE than ICP-based WLEDs do. Xiao et al. have experimentally investigated modified diffuser-packaged remote-phosphor-based WLEDs, which improve the optical output and the photometric uniformity simultaneously [14] . Lin et al. have developed a ring remote phosphor structure in which the light extraction efficiency can exceed 93% [15] . Currently, the traditional method for measuring remote-phosphor-based WLEDs belongs to the reflection approach, in which the exciting light directly impinges upon the phosphor layer. The combined white light is primarily reflected by this phosphor layer. However, in a real structure of WLED, the exciting light is mostly transmitting through the phosphor layer rather than being reflected. Therefore, this traditional method may fail to correctly take into account the real emitting situation of a WLED structure.
In this paper, we have proposed a transmission-type testing system for measuring optical characteristics of phosphors for remote-phosphor-based WLEDs. This system is capable of mimicking the real package structure of phosphor-type WLEDs. Optical characteristics of phosphors, such as the spectral power distribution (SPD), the LCE, and the external quantum efficiency (EQE), can be reliably determined in this system. In addition, a comparative study has also been performed between the transmission-type system and the traditional reflection-type counterpart.
Experiment

Experimental Setup
In this study, phosphor plates in remote-phosphor-based WLEDs are fabricated by coating the mixture of the YAG:Ce 3+ phosphor powder and the silicone gel onto a transparent circular acrylic (polymethyl methacrylate, PMMA) plate. Fig. 1 shows (a) the photograph and (b) the schematic structure of these remote-phosphor-based WLEDs, which consist of the InGaN blue LED (with the emission peak locating at 450 nm), the reflector cup (with a height of 20 mm, and a reflectance of higher than 0.96 achieved by the BaSO 4 -painted inside surface), and the phosphor plate sample (with a thickness of 2 mm and a diameter of 25 mm). The blue LED is attached at the apex of a cone-shaped reflector in Fig. 1(b) . For comparison, samples have been both measured by the transmission-type system and the reflection-type system. Fig. 2(a) shows the photograph of the transmission-type system. The only difference between these two systems lies in the location of tested samples, as schematically shown in Fig. 2(b) . In the reflection-type system, the phosphor plate is placed at the location B (bottom of the integrating sphere), whereas in the transmission one, the phosphor plate is bonded at the location A. As the exciting light source, the blue LED is mounted on a temperature-controlled heat sink. The temperature of the heat sink is maintained at 25°C during measurements. The drive current of the exciting light source is offered by an electrical source meter (Keithley 2400, Keithley Inc., USA). White lights emitted from phosphor plates, including both blue and yellow lights, are collected by a 150 mmdiameter integrating sphere (ISP-150 with the inside surface coated with BaSO 4 , Instrument System Inc., Germany) and measured by a spectrometer (Spectro-320, Instrument System Inc., Germany). Keppens et al. have studied the relative spectral radiant flux error caused by phosphor fluorescence during integrating-sphere measurements, and have proposed that phosphor fluorescence can be reduced to a negligible degree by minimizing the ratio of the area of phosphors to that of the total sphere surface to 9 Â 10 À4 [16] . In our study, this value turns out to be 6:3 Â 10 À4 , which is smaller than 9 Â 10 À4 . Therefore, we are capable of reducing the influence of the fluorescence error on our measurements. By evaluating spectral data, we can finally obtain relevant optical parameters that characterize WLEDs. In addition, to determine the thickness of the mixture, we use a TM3000 scanning electron microscope (SEM) (Hitachi High-Tech Inc., Japan). 
Fabrication of Samples
The phosphor used in our work is a standard commercial YAG: Ce
3+
. Phosphor plate samples are fabricated with different rotational speeds in a centrifuge and with various mass ratios of the phosphor powder to the silicone gel. The fabricating process includes 1) the phosphor powder and the silicone gel are blended with various mass ratios, and the mixture is coated onto the transparent circular PMMA plate. 2) To obtain samples with various thicknesses, we place these samples in a centrifuge with various rotational speeds, i.e., 500, 600, 700, 800, and 900 r/min. 3) We baked these samples in a vacuum oven at a temperature of 100°C for 15 min. As plotted in Fig. 3(a) , samples denoted as S1-S5 share the same mass ratio, i.e., 1:1, but are fabricated in different rotational speeds. Fig. 3(b) shows a cross-sectional SEM picture of the phosphor plate sample while the rotational speed is 500 r/min. The phosphor layer can be clearly identified, with its thickness measured to be 140 m. In Fig. 4 , as the rotational speed increases, the thickness of mixture samples will decrease oppositely. Samples denoted S3 and S6-S9 are fabricated in the same rotational speed (700 rpm), but with different mass ratios, i.e., 1:1, 2:3, 1:2, 1:3, and 1:4, respectively. For the purpose of excluding effects of the silicone gel on optical properties of phosphor plate samples, samples with only the silicone gel and the PMMA plate (also called as silicone gel samples) are fabricated in aforementioned rotational speeds.
Results and Discussion
Prior to measurements, some preparations are required.
We measure SPDs of the reference blue LED with and without the silicone gel sample by ISP-150 and then dividing the latter by the former gives an alternative gauge of the transmittance of the silicone gel sample. As shown in Fig. 5(a) , the transmittance of silicone gel sample is maintained at approximately 97% at each wavelength within the entire visible spectral range from 380 nm to 780 nm, while the silicone gel sample is made in a rotational speed of 500 rpm. Therefore, it can be considered as wavelength-independent. In our present work, this transmittance value remains the same in other rotational speeds.
Second, while placing silicone gel sample and phosphor plate sample (S3) respectively, and measuring SPDs of emitted lights in the transmission-type testing system at a drive current of 350 mA [see Fig. 5(b) ], we have found that an overlap exists in the spectra of white light due to broad yellow emissions of YAG:Ce 3+ . Therefore, we have to separate the yellow emission from the blue emission. This fact constitutes a critical issue for the calculation of the LCE and the EQE.
The LCE can be defined as the ratio of the output power of yellow emission light ð eml Þ to the blue exciting light ð exl Þ (the difference in the output power between blue LED reference emission ð ref Þ [without phosphor plates) and the blue component of the WLED ð b Þ] [17] . Due to the overlap between the yellow component and the blue counterpart of the WLED, the yellow emission cannot be calculated directly by the integration of yellow spectrum. Therefore, we extract the yellow emission from the measured total white light spectrum ð w Þ by subtracting the blue component of the WLED. Since the spectral shape of the blue emission agrees fairly with that of the blue reference emission, the blue component can be calculated by the blue reference emission multiplied by a coefficient (ranging from 0 to 1), which is the ratio between the peak intensity of the blue component and that of the blue reference emission. Therefore, the LCE can be defined as
where
is the spectrally resolved transmittance of the silicone gel sample, it can be treated as a constant value with various wavelengths; ½ 1 ; 2 is corresponding to the emission range of the yellow emission light, while ½ 0 1 ; 0 2 is for the blue LED exciting light. In Fig. 5(b) , the value of is about 0.1085. Also, from this figure, we observe that the peak wavelength of the blue excitation light is around 447 nm, and that of the yellow emission light is about 535 nm.
The other parameter is the EQE, defined as the ratio of the photon number of the emitting light from the phosphor ðN eml Þ to that of the blue exciting light ðN exl Þ, i.e., Fig. 6 (a) and (b) illustrate the calculated LCE and the EQE of phosphors at 350 mA via transmission-and reflection-type testing systems. As can be observed, for the transmissiontype system, both the LCE and the EQE are lower than those measured by the reflection-type system for phosphor plate samples. This discrepancy could be attributed to the fact that 1) in the reflection-type system, parts of blue light directly impinge upon the detector (without transmitting through phosphor plate samples), leading to more collection of the leakage, but not the absorbed blue light by the instrumentation; and 2) more blue photons have been absorbed by phosphors in phosphor plate samples and converted to the yellow photons, thus increasing the well-defined light conversion efficiency. In the reflective mode, blue photons transmit through phosphor plates, then are reflected by materials (BaSO 4 ) behind the phosphor plates and reabsorbed by the phosphor plates, however, in the transmission mode, most blue photons transmitted through the phosphor material. Therefore, we conclude that more blue photons would be absorbed and converted in the reflective mode.
A Comparison Between Two Types of Systems
The Influence of Phosphor Thicknesses, Mass Ratios, and Currents on Optical Properties in the Transmission-Type System
According to the previous discussion, it is found that the transmission-type system bears a stronger resemblance with the real package of the remote-phosphor LED. We therefore prefer to conduct experiments for evaluating optical properties in the transmission-type system. In Fig. 6 , we have also noted that the LCE and the EQE in the transmission-type system slightly increase as the rotational speed of samples increases (S1-S5) or the mass ratio of the phosphor powder and the silicone gel decreases (S3 and S6-S9). As the rotational speed of phosphor plate samples increases, the thickness of the mixture will decrease oppositely. By reducing the mass ratio of phosphor powder and silicone, the concentration of phosphor will decrease as well. Both factors show beneficial for obtaining more light extraction of the conversion yellow light. However, the discrepancy is very slight, less than 2.6% and 1.8% for EQE and LCE, respectively, in this work. Fig. 7 shows SPDs of WLEDs at (a) different phosphor concentrations (when the rotational speed is 500 r/min), and (b) at different rotational speeds (when the mass ratio is 1:1) measured by the transmission-type system. We can also obtain the CCT and the color rendering index (CRI) of the emitted white light in different rotational speeds and mass ratios based on measured SPDs. These chromatic performances are shown in Tables 1 and 2 . As can be observed, both the CCT and CRI increase as the rotational speed of samples increases or the mass ratio decreases.
Furthermore, we investigate optical characteristics of samples at various currents by the transmission-type system. Fig. 8 depicts SPDs of the white light at different drive currents, from which we could calculate the LCE and EQE of the sample S3 according to (1) and (2) . As shown in Fig. 9 , as the drive current rises from 150 mA to 550 mA, both the LCE and EQE slightly descend from 30.3% to 29.5% and 38.4% to 37.7%, respectively, and the LCE and the EQE of other samples are similar to those of sample S3. 
Conclusion
In this work, we have proposed a transmission-type measurement system for phosphor plates in remote-phosphor-based WLEDs. This configuration is able to mimic the real structure of remotephosphor-based WLEDs. A comparison between the transmission-and traditional reflection-type measurements have also been carried out. Results show that the LCE and EQE are lower for the former than for the latter. Reasons are due to part of directly detected reflective blue lights and re-absorption of the blue light by the phosphor plate. Furthermore, by using the transmissiontype system, optical properties of phosphor-plate samples with different thicknesses and different 
